Dowex 50W in aqueous medium proved to be a very efficient and reusable catalyst for the highly selective synthesis of 2-aryl-1-arylmethyl-1H-benzimidazoles in excellent yields from a wide variety of substituted ortho-phenylenediamines and aromatic aldehydes. A new technique for work-up has been developed that eliminates column chromatography for purification. The products can serve in further functionalization to produce molecular diversity including ionic liquids. Detailed DFT (Density Functional Theory) calculations have been done to establish the mechanism and justify the formation of the selective regioisomer from unsymmetrical orthophenylenediamine. The X-ray crystal data of one such product has been reported that clearly reveals the formation of one particular regioisomer. The fluorescence spectroscopic properties of some representative compounds have been studied in three solvents, dichloromethane, acetonitrile, methanol and their quantum yields calculated. The presented methodology has the advantages of one-pot operation and minimal environmental impact.
Introduction
Excessive pressure from governmental and non-governmental organizations force organic chemists to explore alternative solvents to carry out chemical reactions simultaneously protecting our environment. In this context, water as a green reaction medium is highly appreciated. As a solvent, water possesses the following distinct advantages of being safe, nonflammable, readily available in large quantities, operationally very simple and devoid of any carcinogenic effects. Therefore, water mediated organic reactions for the preparation of biologically active molecules constitutes a major challenge for chemists involved in organic synthesis.
1H-2-Substituted benzimidazole nuclei have diverse applications in medicinal chemistry. 1 Due to their affinity towards enzymes and protein receptors, they have been appropriately classified as "privileged sub-structures" for drug design. 2a They should also serve as good starting materials of a variety of ionic liquids. 2b Thus, synthesis of such nuclei is always a great challenge to the organic chemist.
Results and Discussion
In continuation of our efforts in exploring the synthetic applicability of Dowex 50W (a sulfonic acid cation exchange resin) in aqueous medium towards the synthesis of a wide range of heterocycles, 3 we carried out a study of reaction of 4-chlorobenzaldehyde (2 mmol) and orthophenylene diamine (1 mmol) with Dowex 50W (acid form) (Scheme1, R 1 =R 2 =R 3 =H, R 4 =4-Cl-C 6 H 4 ). Different solvent mixtures with different mole ratios of the catalyst were employed and the results are depicted in Table 1 . The best result was obtained with 10 mol% of Dowex 50W in purely aqueous medium at 70 ºC (entry 3, Table 1 ). In all the cases, the 2-(4-chlorophenyl)-1-(4-chlorophenylmethyl)-1H-benzimidazole 3k was the sole product isolated and the 2-(4-chlorophenyl)-1H-benzimidazole 4k (R 1 =R 2 =R 3 =H, R 4 =4-Cl-C 6 H 4 ) ( Figure 1 ) was never obtained (not even a mixed ratio of the two). It should be also realized that, without Dowex 50W, the desired reaction did not take place at all (entry 1, Table 1 ).
(for various R The structure of 3k (R 1 =R 2 =R 3 =H, R 4 =4-Cl-C 6 H 4 ) was confirmed by 1 H NMR, 13 C NMR and IR spectral analyses. The starting aldehyde : ortho-phenylenediamine mole ratio employed was (2:1) for the formation of 3k. Thus, the initial mole ratios are very vital for this synthesis.
With a equimolar mole ratio of the starting materials, 4k was obtained as the sole product. 3c In the spectra of 3k, the -NCH 2 protons being benzylic at the same time, appears at δ 5.40 in 1 H NMR and at δ 47.80 in 13 C NMR and were well established in 13 C-DEPT.-135 experiment. Table 2 below depicts the catalysts that were studied. Silica-HClO 4 (10) water (80) 45
Since Dowex 50W in water gave the optimum result (Table 1, entry 3 and Table 2 , entry 3), our subsequent idea was to react a number of aromatic, heterocyclic and aliphatic aldehydes with a variety of substituted or un-substituted ortho-phenylenediamines under the same reaction conditions (Scheme 1). The results are all depicted in Table 3 . Although other catalysts have been employed for the synthesis of this system, [4] [5] [6] [7] but using Dowex 50W, shows the reaction to be very clean and selective without the formation of N-unsubstituted benzimidazoles. On careful analysis of Table 3 we can say that our methodology is quite a general one being applicable to reactions with substitutions in the diamine (with H, Me, Cl) and wide variations in the aldehyde parts. Almost all the products are obtained in excellent yields except those from aliphatic aldehydes where the yield being too low, the final compound could not be isolated in pure form. This is perhaps due to aldolisation of the aliphatic aldehyde in addition to the absence of the conjugation of the aromatic ring in the product. The reaction could be easily scaled up to 50 mmol (done for entry 11, Table 3), with the same yield of the product.
A methodology has been developed that does not envisage the need for column chromatography for purification of the product. Water (5 mL) is used for the reaction. Ethanol (5 mL) is added to it; the total liquid filtered to remove Dowex 50W, and this 10 mL aqueous ethanol is kept overnight in the refrigerator to obtain almost pure crystals of 1H-arylmethyl-2-aryl-benzimidazoles. The crystals were filtered, dried and recrystallized from aqueous ethanol to obtain the final compounds. The Dowex 50W was washed with acetone to remove any adhering organic compound, air dried and finally, vacuum dried to be used again. In this fashion, Dowex 50W could be recycled at least 6 times without substantial activity loss.
The probable mechanism of the formation of 3 is depicted below (Figure 2 ) (for entry 18, Table 3 ). The initial formation of dibenzylidene-ortho-phenylenediamine takes place followed by its ring closure. Finally, aromatization takes place via deprotonation and reprotonation processes. For entry 18, Table 3 , with ortho-chlorobenzaldehyde and 2, 3-diaminotoluene, formation of either or both regioisomers 3r and 5r (Figure 2) Absence of any long range interactions between the CH 3 and the -NCH 2 protons in 2D-NMR data eliminate the formation of 5r. Finally, the formation of 3r has been confirmed by an X-ray crystallography (CCDC 695543) of its single crystal. The ortep plot of the single crystal of 3r is shown here in Figure 3 . 
Quantum chemical calculation
The same result of obtaining 3r (and not 5r) as the particular regioisomer from the reaction of 2, 3-diaminotoluene and 2-chlorobenzaldehyde has also been obtained by quantum chemical calculations. Structural calculation for one of the products 3r and some of the intermediates for the production 3r has been done at the DFT level with B3LYP functional and 6-31g basis set using Gaussian 03 software. 12 Natural bond orbital (NBO) analysis 13, 14 for the optimized structure of the intermediate diimine has been done to see the orbital occupancy of individual atomic orbital and the natural charge at each atom. It is found that during the course of reaction, in the first step, two amino groups simultaneously involve to form diimine. As per the calculated results the two double bonds site of the diimine is found to be structurally in the trans configuration. The Mullikan population analysis shows that the positive charge at the non-methyl side imine-carbon center (marked a in the diimine, Figure 2 ) (0.032593) is more positive other imine-carbon atom (marked b in the diimine, Figure 2 ) (0.007458). The natural population analysis from NBO for the lowest energy structure of the Schiff base shows that the iminecarbon atom (0.08840) at the non-methyl side (marked a in the carbocation I, Figure 2 ) has more positive natural charge than the other imine-carbon atom (marked b in the carbocation II, Figure  2 ) (0.04413), i.e. that non-methyl-imine-carbon favours relatively more positive character than the other carbon atom. On the other hand, the electron occupancy on the π-oribital (1.89237) is more at the non-methyl side double bond (1.89175). This may indicate that cation formation in the next step may favour through path I than path II. In the second step of the reaction there are two possibilities for the cyclization to form cation. Calculation at the same level shows that the stability of the carbocation at the non-methyl substituted (marked a) is more than the other side (marked b) (∆E=3554 cm -1 ). Such a large stability for carbocation also suggests the formation of cation through path I than through path II. In the next step between the two possible products obtained by two possible paths, the product 3r is more stable than the counter part 5r by 1493cm -1 . So, the between the two possible paths, in each step calculation shows that path I is more favourable than path II. Hence, the product obtained should be 3r and not the other regioisomer 5r. All these results are summarized below in the following Figure 5 . 
Spectral properties A. Absorption spectra
The absorption spectra (Hitachi UV-Vis, Model U-3501) of some of the synthesized 2-aryl-1-arylmethyl-1H-benzimidazoles (entries 1-14, Table 4 ) were taken in non-polar dichloromethane, polar aprotic acetonitrile and polar protic methanol solvents at room temperature and the concentration of the solute were maintained within the range 10 -5 -10 -6 M. All absorption band maxima are presented in Table 3 and spectra for 3p, 3r, 3w, 3n' are shown in Figure 6 in acetonitrile. In all cases, the synthesized 2-aryl-1-arylmethyl-1H-benzimidazole systems have two types of chromophore-one the substituted imidazole ring system and another the substituted benzene ring. The spectral pattern and the band maxima clearly indicate that the observed absorption band corresponds to the imidazole ring. The benzene aromatic ring absorption is found to ~270nm. Therefore, the observed absorption band maxima corresponds to the HOMO-LUMO transition at the imidazole ring, i.e. S 0 state to S 1 state transition. High absorbance values indicate that these transitions arise from π→π* transition of the imidazole ring. It is found that the absorption band maxima are slightly solvent dependent indicating less polar character of these molecules in the ground state. In protic solvent the band shows a blue shift due to intermolecular hydrogen bond between solvent methanol and the solute with several possible hydrogen bond making centers.
B. Emission spectra
Usually imidazole compounds are highly fluorescent after excitation to the locally excited state and some of the imidazole derivatives show interesting photo-induced properties such as isomerisation reaction in the excited state. Therefore, we have tried to measure emission and excitation spectra of these molecules in all the three solvents after excitation of the absorption band maxima. As shown in Figure 7 , the excitation of each molecule at their corresponding absorption band of each substituted imidazole shows single emission band (Perkin Elmer: Model LS-50B fluorimeter) in the wavelength range ~360nm to ~420nm which was assigned to emission from their locally excited state. The emission band maxima and the corresponding fluorescence quantum yields are shown in Table 4 . In general, in the emission spectra, the emission bands are found to be similar in dichloromethane and acetonitrile solvents. This indicates that stabilization of the ground and excited state is not modified with polarity of the solvents. On the other hand, in methanol, the emission band shifts to the blue due to intramolecular hydrogen bond interaction between solvent and solute. As the absorption band shifts to the blue, the emission band also shifts to the blue and this blue shifted emission is nothing but the local emission from the hydrogen bonded clusters. We have measured fluorescence quantum yield of these compounds by secondary method using ß-naphthol as reference (φ ref =0.23 in methyl cyclohexane). As shown in Table 4 , the fluorescence quantum yield of these studied systems is very high in polar aprotic solvent and very poor in hydrogen bonding solvent methanol. Weak intermolecular hydrogen bonding interaction usually triggered non-radiative channels and hence fluorescence quantum yield is very low in methanol solvent. [15] Another interesting feature is that halo-substituted molecules have less fluorescence quantum yield than that of methoxy substituted compounds. This could be due to quenching of fluorescence with halogen atoms as the substitution. High quantum yield of these molecules and sensitivity of the emission band on polarity and hydrogen bonding ability could be useful to be a good fluorescence sensor. 
Conclusions
In conclusion, we have developed a new and highly efficient green methodology for the synthesis of a wide variety of 2-aryl-1-arylmethyl-1H-benzimidazoles using Dowex 50 W in water. All these products can serve in further functionalization to produce molecular diversity. The main advantages of our process compared with the earlier published methods 4, 5 include: (i) use of water as the solvent and therefore protecting our environment (ii) absolutely new technique for purification of the products by easy crystallization and simple filtration without requiring column chromatography (iii) formation of a single regioisomeric product for unsymmetrical ortho-phenylenediamines (iv) elimination of the formation of benzimidazoles 4 (v) use of Dowex 50W as a heterogeneous and reusable catalyst (vi) wide applicability to a variety of substrates particularly starting with 4,5-dimethyl and 4,5-dichloroorthophenylenediamine whose references are very rare in the literature. We therefore hope that this methodology would be beneficial to both academia and industry. A detailed DFT calculation study has been done to establish both the mechanism and also the formation of one particular regioisomer from an unsymmetrical ortho-phenylenediamine. Fluorescence studies of some selected products have been done in three solvents, non-polar, polar aprotic, polar protic and their quantum yields calculated.
Experimental Section
General. Ethanol was distilled before use. All the chemicals were purchased from Aldrich Chemical Company and Spectrochem, Pvt. Ltd. (Mumbai, India). Silica Gel G with binder from Spectrochem, Pvt. Ltd. Mumbai, India was used for thin layer chromatography. Dowex 50W was purchased from Loba Chemie, India and was used in the acid form. 1 H and 13 C NMR spectra were obtained on Bruker 300 MHz instrument at 300 and 75 MHz respectively. The 2D NMR spectra were recorded on a Bruker 500MHz Ultra Shield NMR instrument. CDCl 3 was purchased from Aldrich Chemical Company and UV-grade CH 2 Cl 2 , CH 3 CN and MeOH from Spectrochem, India. Melting points were determined on an electrical melting point apparatus with an open capillary and are uncorrected. IR spectra were recorded on a Perkin Elmer Spectrophotometer RX / FT-IR system. Mass spectra of the compounds were recorded on a Waters LC-MS-MS (quattro micro mass) instrument.
General procedure for the synthesis of 2-aryl-1-arylmethyl-1H-benzimidazoles
To a suspension of Dowex 50W (acid form) (10 mol %) in water (5 mL) were added successively ortho-phenylenediamines 1 (1mmol) and aldehydes 2 (2 mmol). The heterogeneous reaction mixture was then heated at 70 °C with stirring for the time specified in Table 3 . After the reaction was complete (indicated by the absence of starting materials in TLC), the reaction mixture was cooled, 5 mL ethanol added to it and the total liquid was filtered to remove Dowex 50W. This 10 mL aqueous ethanol was kept in the refrigerator (4 °C) overnight to obtain almost pure crystals of 2-aryl-1-arylmethyl-1H-benzimidazoles which were recrystallized again from aqueous ethanol to obtain the pure crystals that were characterized by spectral studies. The IR, 1 H NMR, 13 C NMR and mass spectral data of all the previously unknown compounds (twenty six in number) are given below: 2-(4-Cyanophenyl)-1(4'-cyanophenylmethyl)-1H-benzimidazole (entry15, 2-(3,4-Dimethoxyphenyl)-1(3',4'-dimethoxyphenylmethyl)-5,6-dimethyl-1H-benzimidazole  (entry 28, Table 3 
2-(2-Chlorophenyl)-1(2'-chlorophenylmethyl)-4-methyl-1H-benzimidazole (entry 18,

